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Abstract. This study analyzed the variability in the num- 1 Introduction

ber of rainfall events related to debris-flow occurrence in

the Chenyulan stream watershed located in central Taiwar©Vver the past few decades, global climate change has caused
Rainfall data between 1970 and 2009 measured at three mé series of changes (Katz and Brown, 1992; IPCC, 1996;
teorological stations nearby/in the watershed were collected®ryant, 1997), including increase in precipitation and tem-
and used to determine the corresponding regional averageerature and more frequent natural disaster events; climate
rainfall for the watershed. Data on debris-flow events be-change has become one of the world’s most critical issues.
tween 1985 and 2009 were collected and used to study thefpome previous studies have examined the impact of climate
dependence on regional average rainfall. The maximum 24-ghange on debris-flow activity in mountainous areas. For
regional rainfallRy was used to analyze the number of rain- €xample, Zimmermann and Haeberli (1992) analyzed the
fall eventsN;, the number of rainfall events that triggered relationship between climate variation and debris flows in
debris flowsNg, and the probability of debris-flows occur- the Swiss Alps. Rebetez et al. (1997) recorded debris-flow
rencesP. The variation trends inV;, Ng and P over re- events in Ritigraben in the Swiss Alps, and studied the long-
cent decades under three rainfall conditioRg £ 20,230, term impact of temperature and rainfall fluctuations on the
and 580 mm) related to debris-flow occurrence were anafrequency of debris-flow events. Jomelli et al. (2004) ana-
lyzed. In addition, the influences of the Chi-Chi earth- lyzed the effects of climate change on the frequency and alti-
quake onVq and P were presented. The results showed thattude of debris-flow events in recent decades @v@uy and

the rainfall events withRy > 20 mm during the earthquake- Ecrins in the French Alps. Stoffel (2007) investigated the
affected period (2000—2004) strongly responded to the in-variability that may be caused in debris-flow occurrence un-
creases in the average number of rainfall events that triggereéler future greenhouse climate conditions in the area of Riti-
debris flows and the average probability of debris-flows oc-graben in the Alps. These studies showed some relationships
currences. The number of rainfall events with> 230mm  between debris-flow triggers and (1) an increase in the num-
(the lower boundary for the rainfall ever triggering debris ber of intense rainfall events and/or (2) glacier retreat and
flow before the Chi-Chi earthquake), afd > 580 mm (the ~ permafrost degradation due to an increase in temperatures.
lower boundary for extreme rainfall ever triggering numerous However, the hydrologic response of debris flows to climate
debris flows) in the Chenyulan stream watershed increaset$ complex (Jakob and Lambert, 2009). The relationships be-
after 2000. The increase in the number of extreme rainfalltween rainfall changes and debris-flow occurrences differ re-
events withRgq > 580 mm augmented the number of rain- gionally since there are differences in regional responses to
fall events ever triggering numerous debris flows in the lastglobal climate change. Rainfall change generally responds
decade. The increase in both the number of rainfall eventd0 variations in the number of specified rainfall events with
that ever triggered debris flows and the probability of debris-rainfall amount greater than a certain threshold. The present

flow occurrences was greater in the last decade (2000-2009fudy investigated the relationship between the variability in
than in 1990-1999. specified rainfall events and debris-flow occurrence in the

Chenyulan stream watershed, where many debris-flow events
have been recorded since 1985. One objective of this work
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was to understand variations in regional rainfall characteris-M,, = 7.6, on 21 September 1999, was the largest in Taiwan
tics, such as the number of rainfall events for a certain rainfor 50yr and the largest on the Chelungpu thrust fault in
fall amount, and their relation to debris-flow occurrences in300-620yr (Shin and Teng, 2001; Chen et al., 2001; Dad-
the Chenyulan stream watershed in recent decades; the sessn et al., 2004; Huang et al., 2001) and caused significant
ond objective was to determine whether the number of rain-effects on the watershed. After the Chi-Chi earthquake, the
fall events that triggered debris flows and the probability of extremely heavy rains brought by Typhoons Toraji and Nali
debris-flow occurrences in the Chenyulan stream watersheth 2001 caused numerous debris flow events in central Tai-
were affected by variations in regional rainfall characteris-wan (Cheng et al., 2005), and resulted in over 100 people
tics. Furthermore, empirical relationships were presented fodead or missing and major damage to houses, roads, bridges,
the average annual number of rainfall events triggering debrisand dikes. In August 2009, Typhoon Morakot brought heavy
flows and the probability of debris-flow occurrences relative rainfall with an hourly rainfall up to 123 mm and a 48-h cu-
to the average annual number of rainfall events in the pastulative rainfall up to 2361 mm, as measured at Alisan rain-
decades. The results of this study can provide a scientific bafall station. It caused many debris flow events and other dam-
sis for the long-term forecast and prevention of debris flows.age such as failure of river embankments, collapsed bridges,
buried houses, and damage to numerous sections of Highway
Route 21. In Shenmu and Tongfu villages in Xinyi Township,
2 Debris flows in the Chenyulan stream watershed over 20 houses were buried by debris flows or washed away
by floods. Numerous debris-flow events triggered by rain-
The Chenyulan stream watershed, located in Nantou Countgtorms and typhoons between 1985 and 2009 (as listed in
in central Taiwan, has a catchment area of 448km  Table 1) provide an opportunity to study the variability in the
main stream length of 42km, a mean stream gradient ohumber of specified rainfall events associated with debris-
4°, and elevations between 310 and 3952 m. The Chenyuflow occurrences in the Chenyulan stream watershed.
lan stream follows the Chenyulan Fault, a boundary fault
dividing two major geological zones of Taiwan. In addi- ) _ )
tion to the boundary fault, the Chenyulan stream watershed Regional average rainfall in the Chenyulan stream
also contains many other faults accompanied by fracture Watershed

zones. Consequently, fractured rock masses prevail withi . . : o
q Y b The trend in regional rainfall characteristics in the Chenyu-

the. study area, accounting for enormousllandslldes_and prctan stream watershed needs to be studied by estimating the
viding an abundant source of rock debris for debris ﬂowslong-term record of rainfall data. As shown in Fig. 1, there

(Lin and Jeng, 2000). The annual rainfall in the watershed . .
: are three meteorological stations — Sun Moon Lake, Yushan,
ranges from 2000 mm to 5000 mm, with an average value

: ; and Alisan — near/within the Chenyulan stream watershed
of approximately 3500 mm. Approximately 809% of the an- where rainfall data series have been collected for more than
nual rainfall in the watershed occurs between May and Oc-

. : . 40yr (since 1970). Therefore, the hourly rainfall data col-
tober, especially during typhoons. Debris-flow hazards areI .
o . o ected from these three stations between 1970 and 2009 were
common within the watershed, owing to the combination of . X .
used to estimate the regional average rairgdthr the water-

yveak geological conditions, heavy ramfa}ll, and accompany-s o g by using the reciprocal-distance-squared method (Chow
ing frequent earthquakes. _Several debris-flow events in thlset al., 1988). Since this method is simple and can directly
watershed have been studied or documented (Lin and Jengéflect the weighting of distance, it has been widely used

2000; Chang et al., 2001; Cheng et al., 2005; Jan and Chen . Y . )
rjot only in determining ungauged or regional average rain-

alls but also in determining unmeasured or regional aver-
ge physical quantities in other fields, such as hydrology and
2009 earth science (Ashraf et al., 1997; Cheng, 1998; Teegavarapu
) and Chandramouli, 2005; Chen, 2011). The regional average

Th|rty—S|x.ra|nfaII events, .|nclud|ng 18 rainstorms and rainfall estimated by the reciprocal-distance-squared method
18 typhoon-induced heavy rainfall events, have caused dEbrléan be expressed as follows:

flows in the Chenyulan stream watershed, as listed in Table 1.

Notably among these, heavy rainfall events were associated 3

with Typhoon Herb in 1996, Typhoon Toraji in 2001, and P = 2_WiPi @)
=1

2005; Chen and Jan, 2008; Chen et al., 2009; Chen, 201
Chen et al., 2011). The present study utilized hydroclimatic
data for events inducing debris flows from 1985 to the end o

Typhoon Morakot in 2009. Typhoon Herb struck Taiwan be- =

tween 31 July and 1 August 1996. The typhoon caused amvherep; is the rainfall record from meteorological stations,
unexpectedly high cumulative rainfall (up to 1994 mm within andi =1, 2, or 3 represents the Sun Moon Lake, Yushan,
2 days, measured at Alisan rainfall station near the headwaser Alisan meteorological stations, respectively; is the

ter of the watershed) and caused over thirty debris-flows (Jamveighting factor corresponding te;. The weighting factor
and Chen, 2005); 27 people were declared dead and 14 miss-

3
) -2 s ;
ing. The 1999 Chi-Chi earthquake with a moment magnitude's expressed a@; =d; /Eldi , whered; is the distance
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Table 1. Debris-flow events and related rainfall characteristics in the Chenyulan stream watershed between 1985 and 2009.

Year Date of Name of Number of Maximum Maximum Total Rainfall Mean rainfall
rainy rainy debris flows  hourly rainfall, 24-hrainfall, rainfall, duration, intensity,
event event N  Im(mmhd Rg (mm) R (mm) T() I(mmh?

1985 23-25 Aug  Typhoon Nelson >2 47.2 418.8 565.4 50.0 11.3

1986 21-22 Aug  Typhoon Wayne >2 50.8 329.8 329.8 18.0 18.3

1992 30-31 Aug Typhoon Polly >1 41.3 479.5 560.9 41.0 13.7

1996 31Jul-1 Aug Typhoon Herb >30 71.6 1181.6  1356.0 35.0 38.7

1998 7-8Jun  Rainstorm 3 28.1 227.8 317.6 40.0 7.9

1998 4-5 Aug Typhoon Otto 4 64.6 311.7 311.7 19.0 16.4

1998 15-16 Oct Typhoon Zeb 2 24.6 251.0 288.8 31.0 9.3

1999 27-28 May Rainstorm 2 24.3 254.3 305.7 32.0 9.6

2000 1 Apr Rainstorm 2 20.0 75.1 75.1 8.0 9.4

2000 25 Apr  Rainstorm 1 8.4 30.6 30.6 9.0 34

2000 28-29 Apr  Rainstorm 1 7.9 78.2 78.2 14.0 5.6

2000 2May Rainstorm 1 8.1 30.6 30.6 5.0 6.1

2000 12-14 Jun Rainstorm 4 18.0 228.1 354.0 47.0 7.5

2000 18 Jul Rainstorm 3 12.7 30.0 30.0 3.0 10.0

2000 22 Jul  Rainstorm 3 16.3 20.7 20.7 2.0 104

2000 5Aug Rainstorm 4 11.6 38.8 38.8 10.0 3.9

2000 22-23 Aug Typhoon Bilis 2 20.6 234.5 234.5 24.0 9.8

2001 5Jun Rainstorm 1 7.5 27.0 27.0 8.0 34

2001 14-15Jun  Rainstorm 3 18.4 200.1 200.1 24.0 8.3

2001 29-30 Jul  Typhoon Toraji >60 78.5 587.6 587.6 18.0 32.6

2001 10 Aug Rainstorm 3 22.4 224 22.4 1.0 224

2001 17 Sep  Typhoon Nari 4 35.7 252.5 252.5 23.0 11.0

2002 31 May Rainstorm 4 14.4 53.0 53.0 7.0 7.6

2002 3-4Jul Rainstorm 2 13.3 117.9 164.9 19.0 8.7

2002 12 Aug Rainstorm 1 171 26.5 26.5 3.0 8.8

2004 2-3Jul  Typhoon Mindulle >10 54.0 681.4 864.1 38.0 22.7

2004 23-25 Aug Typhoon Aere 2 35.0 385.4 675.0 47.0 14.4

2005 4-5Aug Typhoon Matsa 1 42.3 411.9 471.9 34.0 139

2005 31 Aug-1Sep Rainstorm 1 44.3 495.0 517.3 27.0 19.2

2006 8-11Jun Rainstorm >5 77.5 682.8 1227.6 78.0 15.7

2006 13-15Jul  Typhoon Bilis 2 29.9 371.7 664.9 56.0 11.9

2007 17-20 Aug Typhoon Sepat 1 31.6 328.4 621.4 66.0 9.4

2007 6—7 Oct Typhoon Krosa 1 54.3 669.4 782.2 35.0 22.3

2008 17-18 Jul  Typhoon Kalmaegi 3 67.2 515.7 515.7 18.0 28.7

2008 12-15 Sep Typhoon Sinlaku 2 35.0 612.4 1164.2 66.0 17.6

2009 6-11 Aug Typhoon Morakot >30 85.5 11926  2471.8 110.0 225

Note: N =total number of individual debris flow triggered by each rainfall event in the Chenyulan stream watekghedyaximum hourly rainfall in each rainfall event;
R4 =maximum 24-h rainfall amount in each rainfall eveRt= total rainfall calculated from the start of rainfall to the end of rainfalk- rainfall duration corresponding to estimate
total rainfall R; / = mean rainfall intensity] = R/T.

from the meteorological statianto the centroid of the con- stream watershed, rainstorms, thundershowers, and typhoons
sidered watershed. In the study, the weighting factars>, occur frequently during the rainy season, from May to Octo-
andws are 0.099, 0.387, and 0.514, respectively. ber. Most debris flows, in particular those associated with ty-
The rainfall characteristics estimated by the reciprocal-Phoons, occur in the rainy season. Typhoons generally bring
distance-squared method may not actually reflect the rainfall®avy rainfall and resuit in significant debris flows in the wa-
characteristics at specific locations when local rainfall var-tershed.
ied significantly owing to abrupt changes in elevation, but The five-year-moving-average variations in the annual
it is a simple method to directly compute the regional aver-rainfall and the rainy-season rainfall at the three meteorolog-
age rainfall characteristics for a watershed. The regional avical stations and the corresponding regional average rainfall
erage rainfall in the Chenyulan stream watershed was comin the Chenyulan stream watershed are presented in Fig. 2a
puted by Eq. (1) on the basis of the hourly rainfall recordsand b. The average annual rainfall in the watershed is be-
from the three meteorological stations. In the Chenyulantween 2500 mm and 4500 mm, with an average value of
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(b) Variation in 5-year-moving average rainfall in annual rainy season

approximately 3500 mm. The average annual rainfall in the

rainy season, from May to October, ranges between 2100 mMngig. 2. Variations in 5-yr-moving average annual rainfall and rainy-
and 4000 mm, with an average value of about 2800 mm. Thisseason rainfall (May to October) at three local rainfall stations and
shows that the accumulated rainfall during the rainy seasorthe regional average rainfall for the whole Chenyulan stream water-
is about 80% of the annual total. Figure 2a and b alsoshed.

shows that the annual rainfall and the rainy-season rainfall

decreased slightly between 1975 and 2003, but increaseg?1 infall duratior” (h) § infall initiati h d
sharply after 2003. The variation in the regional averaget e rainfall duratio (h) rom rainfall initiation tofle en
of rainfall, and the average rainfall intensif(mmh~-) de-

rainfall shows a trend similar to the rainfall measured at thef_ d i ™ ber of debris i is d
three rainfall stations. The results suggest that the region ne asl = R/T. The number of debris flow eventsis de-

average rainfall computed by Eq. (1) can reasonably repreE')ned aﬁ th.e ftolral num_berr] OfC'Ed'V'dlIJaI debris flow tnghgedr.ecri]
sent the variation trend of the regional rainfall characteris- y each rainall eventin the Chenyulan stream watershed, the

tics in the entire Chenyulan stream watershed; hence, th(\-falue_ ofN triggered by a rginstorm or typhoon event is alsp
reciprocal-distance-squared method (Eq. 1) was used to aj'l_nentloned in Table 1. Prior to 1996, the number of debris

alyze the recent changes in the regional average rainfalls r ows was_collected from papers (Yu and_ Chen, 198.7; Chi-
ang and Lin, 1991; Chang et al., 2001) without covering the

lated to debris-flow occurrences in the watershed. o s
whole watershed due to lack of data from field investigations.

Ta.ble 1 I|st§ the regional average rainfalls that trlggeredAfter 1996, the number of debris flows was collected from
debris flows in the Chenyulan stream watershed between

) . related documents and papers (Lin and Jeng, 2000; Cheng et
1985 and 2009. The rainfall data for a rainfall event that , 5. 3 a1 Chen, 2005; Chen etal., 2009; Chen, 2011)
triggered debris flows include the maximum hourly rainfall

I, the maximum 24-h rainfalRy, the accumulated rain- and |_den'§|f|ed t_hroggh |.nterpretat|ons of aerial photographs
L . . and field investigations in the whole watershed.
fall R from the initiation of rainfall to the end of rainfall,
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_||1: Typhoon Herb Earthquake affected period \ I : R.>20mm
2: Typhoon Toraji 1 lq—w 3 80
3: Typhoon Morakot !
1000 4P © ! [ 9 60
3 R, = 580 mm ' 2 o 0oop
Jo O | 086 () = 40
— 4 0O I I o
£ =220 Solga | )
S T ~ \MO |
= | |
& 100 E ! o 0
3 p : 1970 1975 1980 1985 1990 1995 2000 2005 2010
. o O Year
] O | (a) Annual number (N, ) of rainfall events with maximum 24-h rainfall greater than 20 mm.
R, =20 mm 30
w \
| |
o | | ; L - =20
1985 1990 1995 2000 2005 2010 0T I [ Typhoon Herb
Year g - ! I12: Typhoon Toraji
! I13: Typhoon Morakot
o 6! I|4: Chi-Chi Earthquake 2
Fig. 3. Maximum 24-h rainfallRq (mm) during any rainfall event = . | Loacccliﬁ:]eczﬂdsaftlsw :
that triggered debris flows over past decades. >
2! [
41 [
0+ T T l"‘ T
. . . 1970 1975 1980 1985 1990 1995 2000 2005 2010
4 The rainfall conditions of debris-flow occurrences Year
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. . . that triggered debris flows.
Previous researchers have used many rainfall parameters, in-

cluding Im, Rq4, R, I, andT, to study the occurrence of de-

. . . I : R.>20mm
bris flows. The choice of rainfall parameters adopted may :
vary according to different objectives. For example, empiri- % 7| Lackordebrisfow 1|2 TophoonTorai | - a o o

3: Typhoon Morakot

cal relationships between average rainfall intensity and rain- o7 1 ‘HM} 4 Chi-Chi Earthquake
fall duration have been proposed and generally used to issue. o5 |1_P=048 _ _ _ _ _ _ Lo

debris-flow warnings (Caine, 1980; Keefer et al., 1987; Chen 3% 7, 1

et al., 2005; Chen, 2011);, and Rq have been used to de- 92 1) P00 o i

termine the rainfall conditions for debris-flow occurrence in 0 R

an extreme rainfall event (Lin and Jeng, 2000; Cheng et al., 1670 1075 1980 185 1990 1995 2000 2005 2010

. . . . . Year
2005)- The dally rainfall or 3'day rainfall in a rainfall event (c) Annual average probability (P) of debris-flow occurrence for rainfall events with

has been used to analyze the influence of climatic or rainfallmaximum 24-h rainfall greater than 20 mm.

change on debris-flow activity (Rebetez et al., 1997; Zhuang
etal., 2011). Fig. 4. Number of annual rainfall events, number of annual rainfall

Debris-f is st | lated t t . events that triggered debris flow, and annual average probability of
ebris-Tiow occurrence IS strongly related to extreme rain-yq ¢ a6y occurrence for rainfall events with maximum 24-h rain-

fall events (Rebetez et al., 1997; Zhuang et al., 20R})is fall greater than 20 mm.

one of several simple indices representing extreme rainfall

characteristics. Furthermore, it was found that debris flows

initiated in the Chenyulan stream watershed were closely retower boundary of the values dq in Fig. 3 for the period
lated to Rg. All debris flows triggered by a rainfall event 1985 to 1999, prior to the Chi-Chi earthquake; and (3) condi-
in the watershed was within the period of maximum 24-h tjon C: R4 =580 mm, which is the approximaf threshold,
rainfall. Thus, the present study us&d to analyze recent ahove which numerous debris flows & 30) were initiated
changes in the relationship between the number of specifieduyring rainfall events, including Typhoon Herb in 1996, Ty-
rainfall events and debris-flow occurrence. Figure 3 showsphoon Toraji in 2001, and Typhoon Morakot in 2009. The
the values ofq for rainfall events that triggered debris flows yariation trends in the number of rainfall events, the number
during the data series (1985-2009). Itis clear that the lowespf rainfall events triggering debris flows, and the probability
values ofRq that triggered debris flows were recorded dur- of debris-flows occurrence for the three rainfall conditions

ing the periOd 2000 to 2004. Therefore, it is believed that the(A_C) were ana|yzed and the results are discussed in the fol-
influence of the 1999 Chi-Chi earthquake on debris flow ini- lowing section.

tiation lasted approximately 5 yr (Chen, 2011). Three critical

rainfall conditions for debris-flow occurrence were imposed4.1 Condition A: rainfall events with Rg > 20mm

on Fig. 3. They are (1) condition ARq =20 mm, which is

the lower boundary of the values & in Fig. 3 for the pe-  Figure 4a shows that the annual numba¥)( of rain-
riod 1999-2004; (2) condition BRq =230 mm, whichisthe fall events havingRg > 20mm in the Chenyulan stream

www.nat-hazards-earth-syst-sci.net/12/1539/2012/ Nat. Hazards Earth Syst. Sci., 12, 18339 2012
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ber of rainfall eventsV,s with maximum 24-h rainfall greater than ~ rainfall eventsV,s with maximum 24-h rainfall greater than 20 mm.
20mm.

‘_ . R,>230 mm

watershed (1970 to 2009) ranges from 8 to 34 (average 21.7), s | |z Toonoon rorei
but without a clearly increasing or decreasing trend. Fig- ¢ 1[5 Qoo o
ure 4b shows that the annual numbaf) of rainfall events z
that triggered debris flows is between 0 and 9, with larger
numbers occurring between 2000 and 2002 owing to the
influence of the Chi-Chi earthquake, which provided the
loose sediment required for debris-flow occurrence (Lin et 0 e e e Y,l:;? 1os 00 eaos 200
aI., 2003, Chen, 2011) FigUI’e 4c¢ shows the annual aver<a) Number of annual rainfall events N, having maximum 24-h rainfall larger than 230 mm.
age probabilityP (= Ng/Ny) of debris-flow occurrence for
rainfall events havingRg > 20 mm is less than 48 %; there 4 M R">23omm‘
was an abrupt increase after Typhoon Herb in 1996, and the | 3 eroon e,
3: Typhoon Morakot

|
|
peak value was observed in the year 2000 immediately af- ]! hoor
| |4: Chi-Chi Earthquake
|
|

Earthquake affected period
!

ter the Chi-Chi earthquake since Typhoon Herb and the Chi-= 2 -

Chi earthquake resulted in large amounts of loose sediment | Lack of debris flow
in catchments (Lin and Jeng, 2000; Lin et al., 2003). Af- | uLﬂcem'“ I I
ter 2000, bothvg and P decreased slowly because the loose o -+

sediment became more consolidated and re-orientated with 1970 1975 1980 1985 Y(legg(r’ 1995 2000 2005 2010
tlme less soil and rock was depOSIted in streams after eac'{!}) Number of annual rainfall eventsN, that triggered debris flows for rainfall events
storm, and the shear strength of soil gradually recovered having maximum 24-h rainfall larger than 230 mm

(Fan et al., 2003; Chen, 2011). In response, the amount of ST

rainfall required to trigger a debris flow gradually increased 1~ . 5
and the values oNg and P for the same rainfall condition 08 11 |2 Tophoon rere,
(R4 > 20 mm) decreased with time. Figure 4c shows thatthe 7 |5 oo |
value of P before the Chi-Chi earthquake was generally lessa- - _
than 10 %, which is the same as that after 2004. This implies ** | | ocumenes dt
|
|

that the probability of debris-flow occurrence after 2004 re- %2 ] |
verted to the pre-earthquake condition. The influence of the  © -+~ ‘
Chi-Chi earthquake on debris flow initiation was substantial R v
during the period 2000-2004. This flndlng is consistent with (c) Annual average probability of debris-flow occurrence P for rainfall events having

a previous study by Chen (2011) maximum 24-h rainfall larger than 230 mm.

Figures 5 and 6 show the relationship between the five-
year-average for rainfall events triggering debris floMg;
and the five-year-average number of rainfall evevs also probability of debris-flow occurrencg for rainfall events having
shown is the relationship between the probability of debris-maximum 24-h rainfall larger than 230 mm.
flows occurrences in a five-year peridd(= Ngs/N;5) and
Nis for the condition-A rainfall events. The values N5
and Ps during the Chi-Chi earthquake-affected period (2000—

2004) were significantly greater than those during other

|
|
|
I 2 3
|
\
\
\

Fig. 7. Number of annual rainfall eventdy, number of annual
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fall events that ever triggered debris flowsis and the five-year- T e ymhoontiem ‘
average number of rainfall eveni$,s for rainfall events having 16 ~ 1|2 Typhoon Toraji |
maximum 24-h rainfall larger than 230 mm. 1z L e h ? i
z 0.8 : : No debris flow occurrence :
_ -1 at Ry > 580mm I
periods. The value aNgs in the earthquake-affected period o4 I i
is 3.8 times that during the five-year period pre-earthquake  °© L AN
(1995-1999); the probability of debris-flow occurrences) ( e R v S
in the earthquake-af‘fected period is 5.5 times that during(b) Number of annual rainfall events that triggered debris flows N, for rainfall events
the five years pre_earthquake; in particular, ﬂf}g (2000_ having maximum 24-h rainfall larger than 580 mm.
2004) is less thaw,s (1995-1999). The condition-A rainfall
events Ry > 20 mm) during the earthquake-affected period I  R,>580mm
strongly responded to the increasesVigs and Ps, especially Tr Typhoon Herb 1 B 2 i
within the period (2000-2004) of the lowest number of rain- 7 | |3 J/ereen ol l
fall events. N 0.6 ] : 4: Chi-Chi Earthquake :
04 ! ) I
4.2 Condition B: Rainfall events with Rq > 230 mm 02 4 1 " dzk:r:dftwsvs%cmczzreme | 4
1 S
Before the Chi-Chi earthquake, debris flows generally oc- 1070 1075 1080 1985 1050 1095 2000 2005 2010
curred whenRy > 230 mm. Figure 7a and b shows that the Year

number of rainfall events WiﬂRd =~ 230 mm that have hlgh Egzlx,ié\nqgrl;]alzzla_\éerr:igniaﬁr&?gsirlittrénoégr(j)ert:]ri;l-flow occurrence P for rainfall events having

values ofN; > 2 was concentrated in the period of 2004 and

2008, and the number of rainfall events that triggered debris=ig 9. Number of annual rainfall events;, number of rainfall

flows was highest between 2004 and 2008. However, thewventsy that triggered debris flows, and annual average probabil-

highest value ofVy in the period 2004—2008 may not corre- ity of debris-flow occurrence for rainfall events having maximum

spond to the highest probability of debris-flows occurrence24-h rainfall larger than 580 mm.

since the probability of debris-flow occurrence was the low-

est for the rainfall events in 2004 and 2005 (Fig. 7c). This

result may be attributed to the fact that during the periodthat triggered debris flows and the five-year-average num-

2004-2005, the large amount of loose sediments attributetber (V;5) of rainfall events ofRq > 230 mm. The five-year-

to the 1999 Chi-Chi earthquake decreased after Typhoomverage of rainfall events triggering debris flowég€) in-

Toraji (Lin et al., 2003) and after the earthquake-affectedcreased with the increase in the five-year-average number of

period (Chen, 2011); furthermore, this result may be alsorainfall events.

attributed to insufficient loose sediment generated by each

rainfall event in 2004 and 2005. Because a large amount of£.3 Condition C: rainfall events with Rq > 580 mm

loose sediment is required for debris-flows occurrence, the

probability of debris-flow occurrence decreased. BeginningThe number §;) of rainfall events ofRq > 580 mm during

in 2006, the probability of debris-flows occurrence increased;1970-2009 is shown in Fig. 9a. There are seven rainfall

this may be due to a large amount of loose sediment accumuwevents withRy > 580 mm. This magnitude of rainfall event

lated or generated in the Chenyulan stream watershed. Thiérst occurred in 1996, followed by 2001 (5yr later), 2004

annual rainfall event withRy > 580 mm that ever triggered (3yr later), 2006 (2yr later), and then occurred almost an-

numerous debris-flows occurred annually after 2006. nually. All rainfall events, including six typhoons and one
Figure 8 shows the relationship between the five-year—rainstorm, ofRy > 580 mm resulted in debris flows and these

average numberNgs) of rainfall events ofRq > 230mm rainfall events resulted in a 100 % probability of debris-flows
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Fig. 11. Variations in ten-year average number of rainfall events
occurrence (Fig. 9b and c). The three typhoons, Herb, TorajiVri0With Rq greater than rainfall thresholdc, such asRc = 20,
and Morakot, caused many debris flowé £ 30). In partic- 100, .., and 580 mm, during the periods 1990-1999 and 2000—-2009.
ular, Typhoon Toraji (2001) resulted in more than 60 debris-

i . Symbols for 1990-1999 Symbols for 2000-2009
flow events in the Chenyulan stream watershed, despite hav-
. . . . A :Ry>20 mm A :Ry>20 mm
ing lower rainfall (Rq =588 mm) than the other six rainfall . R, 100 mm + “Ry>100 mm
events withRq > 580 mm. The high number of debris-flows ; 222222 g gizg:m
N occurring during Typhoon Toraji is inferred to be related X R, > 400 mm x Ry > 400 mm
to the occurrence of this event during the Chi-Chi earthquake ; ;222:: ; e

affected period (2000—2004) when abundant loose sediment 4

derived from the earthquake was present in the watershed. s Fitine for
Figure 10 shows the five-year average numb¥éys) for S R=092 N

rainfall events triggering debris flows against the five-year|£

2 — Fit line for
1990-1999 -
Re=0.82 W -

average numberN;s) for rainfall events. As all rainfall 1 -

events withRq > 580 mm triggered debris flows, the number - — T % o - -7

of such rainfall events triggering debris flowgs was per- 0001 T “(‘J‘l T ‘1 T 1‘0 oo
fectly correlated with the five-year average for the number of ' ' Now

rainfall eventsN,s for the condition-C rainfall events. The

five-year average number of rainfall events triggering debris
flows (V d_5) increased with the hl_ghe_r five-year average num-g; eyents that triggered debris flow&j1gand the ten-year-average
ber of rainfall events. As seen in Fig. 10, batgs and Nrs number of rainfall eventa/,1o with Ry greater than various rainfall

also showed increasing trends after 1990. thresholdsRgyc, such asRyc = 20, 100, .., and 580 mm, during the
periods 1990-1999 and 2000-2009.

Fig. 12. Relationship between the ten-year-average number of rain-

5 Variations in rainfall events triggering debris flows
and the probability of debris-flow occurrence in each

decade of N1 for the rainfall events during 2000-2009 were 1.8
o _ _ (condition B) and 6 (condition C) times the corresponding
5.1 \Variations in the number of rainfall events values in 1990-1999. Owing to the variation in the number

) o . _ of rainfall events in the past two decades, the influence of
Figure 11 shows variations in the ten-year average for rainthe variation in the number of rainfall events relative to de-

fall eventsNr10, with Rq larger than various rainfall thresh-  pyis flows and the probability of debris-flow occurrence were
olds Rqc for two separate decades 1990-1999 and 2000gnalyzed in the following sections.

2009. The number of rainfall events f&g > 100 mm at
various values ofRqc during the period 1990-1999 is less 5.2 The relationship between the number of rainfall

than that in 2000-2009. For larg@c, the value ofN 1o events triggering debris flows and the number of
in 2000-20089 is significantly larger than that in 1990-1999. rainfall events

This implies that there were more extreme rainfall events in

the recent decade (2000-2009). The valueVef for the Figure 12 shows the relationship between the ten-year aver-
condition-A rainfall event Rq > 20 mm) during 2000-2009 age number of rainfall events triggering debris floNgo

was around 10 % less than that in 1990-1999. The valueand the ten-year-average number of rainfall evevitg at
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an increasing number of extreme rainfall events. Significant

Symbols for 1990-1999 Symbols for 2000-2009 - Al
o e . o o hazardous events, such as Typhoons Herb in 1996, Toraji in
+ ‘Ry> 100mm + R,> 100mm 2001 and Morakot in 2009, and the Chi-Chi earthquake, trig-
S Mmoo e gered many landslides that produced sediment left on hill-
x ‘R,>400 mm x R,> 400 mm sides and in gully beds, which provided loose material for the
a . e initiation of debris flows. The loose sediment caused by ty-
1 phoons and the earthquake was concentrated after 2000; this,
08 | N Fitine for combined with a large number of extreme rainfall events with
o 06 1 it e for \\ Ross Rq > 580 mm (Fig. 11), resulted in numerous debris flows
o s ] s A X e during the last decade (2000-2009). Consequently, both the
. O~ annual average number of rainfall events triggering debris
0.2 - = - .
- ~ . fI_ows Ng10 and the probability of debris-flow occurrences
0 ‘ AR Piowere greater in the last decade than in 1990-1999.
0.01 0.1 71 10 100
Nr 10

Fig. 13. Relationship between the ten-year-average probability of6 Conclusions

debris-flow occurrence?1g and the ten-year-average number of . .
rainfall eventsN,1g with Ry greater than various rainfall thresh- The maximum 24-h rainfallk¢ was used to analyze the

olds Ry, Such askge = 20, 100, .., and 580 mm, during the periods trends in the nu_mber of rainfall events related to debris-
1990-1999 and 2000—20009. flow occurrence in the Chenyulan stream watershed. Three
rainfall conditions related to debris-flow occurrences pre-
sented in this study are (1) rainfall events Rf > 20 mm,
various rainfall conditions ofRq > Rqc for two periods: the lower boundary oRq for rainfall events ever trigger-
1990-1999 and 2000—-2009. The valuesVaio in both pe-  ing debris flows during the period 2000 to 2004, the 1999
riods increase with decreasing rainfall threshoRjg. For  Chi-Chi earthquake affected period; (2) rainfall events of
the period 1990-1999 and 2000-2009, larger rainfall threshR4 > 230 mm, the lower boundary @ty for rainfall events
olds Ry are generally associated with low®fg and corre-  ever triggering debris flows during the period 1985 to 1999,
spond to loweNg10. Figure 12 shows that the value Sfi1o prior to the 1999 Chi-Chi earthquake; and (3) rainfall events
during 2000-2009 was greater than that during 1990-199®f R4 > 580 mm, the lower boundary for extreme rainfall
at the same rainfall thresholds &f.. As indicated by the triggering numerous debris flows.
solid circle symbols shown in Fig. 12, the number of rainfall  The Chi-Chi earthquake significantly reduced the amount
events that triggered debris flowg;;o for the condition-B  of rainfall required to trigger a debris flow. The rain-
rainfall events Rq > 230 mm) during 2000-2009 was around fall events associated with debris-flow occurrences resulting
3times thatin 1990-1999; for the condition-BR{> 20mm)  from the Chi-Chi earthquake mainly occurred in the period
and condition-C rainfall eventskRg > 580 mm), the value 2000-2004, the five years after the earthquake, and these de-
of Ng10 in 2000-2009 was around 5 times that in 1990- bris flows were triggered by rainfall events wikh > 20 mm.
1999. The two fit lines in Fig. 12 show that the value of For Rq > 20 mm, the average number of rainfall events trig-
Ng10 during 2000-2009 (with the coefficient of determina- gering debris flows and the average probability of debris
tion, R? =0.92) was around 3—4 times that during 1990 flows within a five-year period, namelyqs and Ps, respec-

1999 (R2 =0.82) at the same value f1o. tively, during the Chi-Chi earthquake-affected period (2000—
2004) were greater than those during other periods at the
5.3 The relationship between the probability of sameNs (the average number of rainfall events within a
debris-flow occurrence and the number of five-year period). The average number of rainfall events trig-
rainfall events gering debris flows (the value d¥gs for Rq > 20 mm) dur-

ing the earthquake-affected period was 3.8 times that during

Figure 13 shows the relationship between the ten-yearihe five-year pre-earthquake period (1995-1999); the aver-
average probability of debris-flow occurrencBg and the  age probability of debris-flow occurrenceBsf during the
ten-year-average number of rainfall evenigg for various  earthquake-affected period was 5.5 times that during the five-
excess-rainfall conditions in the two periods 1990-1999 andyear pre-earthquake period. FBg > 20 mm events, the in-
2000-2009. TheP1g value for each period shows a decreas- fluence ofN;5 on the values ofVgs was not significant. For
ing trend with an increase iN;1o. The value ofPigobtained Ry > 230 mm andRy > 580 mm events, the values ofys
from the 2000—2009 fit line is around 3 to 4 times that during tended to increase with an increaseVig and all events with
1990-1999 at the sanm¥éo. Rq > 580 mm triggered debris flows.

The occurrence of debris flows depends on having a large The variations in the average number of rainfall events, the
amount of loose sediment generated in the watershed anaverage number of rainfall events triggering debris flows, and
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the average probability of debris-flow occurrences in eachCheng, C. H.: A new approach for ranking fuzzy numbers by dis-
decade, namely,10, Ng10, and P1q, respectively, were an- tance method, Fuzzy Sets Syst., 95, 307-317, 1998.
alyzed. The value oN;1g for Rq > 100 mm within the last ~ Cheng, J. D., Huang, Y. C., Wu, H. L., Yeh, J. L., and Chang, C. H.:
decade (2000—-2009) was higher than that during 1990-1999. Hydrlometeorological and Ianduse”attributes of debris.flows and
The increase iV;1o during the last decade resulted in an in- ?'zit\)/\t:rflc\)]o?-lsy?jltjl(gllng;(}épq%in Ig;,aj; (‘Jlgéy 29-30, 2001 in Central
creasing frequency of ram_fall events trlggerlng debns_ ﬂOWS'Chow, V.T.. Maidment, D. R., and Mays, L. W.: Applied hydrology,
The average number of rainfall events triggering debris flows M . X
- o - cGraw-Hill Inc., Singapore, 572 pp., 1988.
A_Idlo and the aver‘_"‘ge probability qf debris-flow OCCl.Jrr(':‘ncesDadson, S., Hovius, N., Chen, H., Dade, W. B., Lin, J. C., Hsu, M.
Py during the period 2000-20009, increased 3 to 4 times rel- L., Lin, C. W., Horng, M. J., Chen, T. C., Miliman, J., and Stark,
ative to those of the period 1990-1999 at the s&me The C. P.: Earthquake-triggered increase in sediment delivery from
increases inVg10 and P1o during 2000-2009 may be related  an active mountain belt, Geol., 32, 373-376, 2004.
to abundant loose sediment caused by typhoons and the Chiran, J. C., Liu, J. S., and Wu, M. F.: Determination of critical
Chi earthquake after 2000 and the increased number of ex- rainfall thresholds for debris -flow occurrence in central Taiwan
treme rainfall eventsKy > 580 mm) that caused numerous and their revision after the 1999 Chi-Chi earthquake, Proceed-
debris flows during the last decade. ings of the 3rd International Conference on Debris-Flow Hazards
Mitigation, Davos, Switzerland, edited by: Rickenmann, D. and
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